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ABSTRACT
The properties of a transiting planet’s host star are written in its transit light curve. The light curve
can reveal the stellar density (ρ∗) and the limb darkening profile in addition to the characteristics
of the planet and its orbit. For planets with strong prior constraints on orbital eccentricity, we may
measure these stellar properties directly from the light curve; this method promises to aid greatly in
the characterization of transiting planet host stars targeted by the upcoming NASA TESS mission and
any long-period, singly-transiting planets discovered in the same systems. Using Bayesian inference,
we fit a transit model, including a nonlinear limb darkening law, to 66 Kepler transiting planet
hosts to measure their stellar properties. We present posterior distributions of ρ∗, limb-darkening
coefficients, and other system parameters for these stars. We measure densities to within 5% for the
majority of our target stars, with the dominant precision-limiting factor being the signal-to-noise ratio
of the transits. 95% of our measured stellar densities are in 3σ or better agreement with previously
published literature values. We make posterior distributions for all of our target KOIs available online
at https://doi.org/10.5281/zenodo.1028515.
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1. INTRODUCTION
Since its launch in 2009, the Kepler mission has
discovered over 4500 transiting exoplanet candidates,
nearly 2000 of which have been validated at > 99% con-
fidence (Morton et al. 2016). Furthermore, Kepler tran-
sit light curve modeling (e.g., Batalha et al. 2013) has
yielded precise constraints on the characteristics of these
planet candidates and their orbits; the transit depth, for
example, reveals the size of the planet relative to its host
star.
Encoded in each transit light curve, however, is not
just the character of the transiting planet, but also prop-
erties of the host star. In particular, the stellar den-
sity (ρ∗) can be derived analytically from the transit
duration using Kepler’s third law (Seager & Malle´n-
Ornelas 2003; see section 2.1), provided the eccentricity
of the planet’s orbit is well-constrained. Furthermore,
the star’s limb darkening behavior influences the shape
of the transit light curve during planetary ingress and
egress (see e.g. Knutson et al. 2007a). In other words,
the star’s interior and atmospheric properties manifest
themselves in the shape of the transit light curve.
By fitting transit models to the Kepler light curves, we
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can measure these stellar properties very precisely. We
have several motivations to measure stellar properties
for a large sample of Kepler hosts in this way. First,
transit modeling serves as an independent check on other
means of measuring stellar properties. In the case of
ρ∗, such methods include asteroseismology, as well as
spectroscopy plus isochrone modeling. These methods
rest on different assumptions and, often, different input
data.
Transit modeling also offers an independent test of
stellar atmosphere theory, particularly with regard to
limb darkening behavior. Such behavior is usually ex-
pressed in the form of an analytic stellar intensity profile
weighted by limb-darkening coefficients (LDCs). Tra-
ditionally, LDCs are adopted from the theoretical pre-
dictions of stellar atmosphere modeling codes (see e.g.
Sing 2010; Claret 2000). This practice is known to in-
troduce biases in exoplanet parameters subsequently de-
rived from the light curve (Espinoza & Jorda´n 2015).
Measuring the LDCs directly from the light curve en-
ables an empirical check of these stellar atmosphere
model predictions.
Furthermore, the commonly used quadratic limb dark-
ening law, which has two LDCs, is known to be less accu-
rate than laws with three or four LDCs (Kipping 2016;
Sing 2010). By adopting a three-parameter nonlinear
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2 Sandford & Kipping
limb darkening law in transit light curve modeling and
building up an empirical catalog of the fitted LDCs, we
may address some of these inaccuracies.
We may also use transit fitting to derive stellar prop-
erties for stars that are not amenable to traditional
analysis. For example, asteroseismology, which yields
extremely precise constraints on ρ∗ (typical fractional
uncertainties . 5%), is only possible for stars which
are bright (Kepler-band magnitude . 12) and massive
(& 1M) (Huber et al. 2013). Most stars are smaller
and dimmer than this.
Finally, measuring stellar properties from transit light
curves alone allows us to characterize planet-hosting
stars without committing telescope time to obtain
follow-up observations. In an era of large-scale sur-
veys of transiting exoplanets, such efficiency will be cru-
cial. The NASA Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2014), scheduled to launch in 2018,
is expected to discover thousands of transiting planets
orbiting stars observed at two-minute cadence, but po-
tentially tens of thousands more around other stars in its
field of view (Sullivan et al. 2015). The Large Synoptic
Survey Telescope (LSST; Ivezic et al. 2008), expected to
begin full-scale science operations in 2023, will discover
thousands more.
In this work, we fit transit models to a large sample of
Kepler host stars to build an empirical catalog of transit-
derived stellar densities and limb darkening coefficients
and demonstrate that this method is capable of deliv-
ering precise constraints on these stellar parameters. In
Section 2, we describe our host star target selection and
detail our data analysis, including data processing, de-
trending, and Markov chain Monte Carlo (MCMC) ap-
proach to fitting the transit model. In Section 3, we
present results of this analysis, including the full poste-
rior distributions of the stellar density and LDCs. We
specifically discuss the types of planet-star systems for
which this method succeeds in producing high-precision
constraints on stellar density in Section 3.3.1. We con-
clude and highlight this approach’s potential to aid in
the characterization of singly-transiting planets discov-
ered by the upcoming NASA TESS mission in Section 4.
2. METHODS
2.1. How to measure ρ∗ from a transit light curve
Seager & Malle´n-Ornelas (2003) demonstrated that
the mean stellar density ρ∗ can be measured from a
transit light curve without any direct measurement of
the stellar mass M∗ or radius R∗ as a result of Kepler’s
third law. Figure 1 offers some intuition about this pro-
cedure in the case of a circular orbit, and we sketch the
analytic derivation of the circular-orbit case here.
T
T =
2R⇤
(2⇡a/P ){lim e    0
R* a
Figure 1. The transit duration T is equal to the stellar di-
ameter divided by the mean orbital velocity, which is equal
to 2pia/P in the case of a circular orbit. Rearrangement of
the equation in the lower panel yields the normalized semi-
major axis a/R∗. An analogous calculation is possible for
planets on eccentric orbits (for which orbital velocity varies
with phase), provided the eccentricity is known.
We begin with Kepler’s third law:
P 2
4pi2
=
a3
G(M∗ +Mp)
' a
3
GM∗
, (1)
where the right-hand side assumes that Mp  M∗.
Dividing and multiplying the right-hand side of this
equation by the stellar volume, 43piR
3
∗, we obtain:
P 2
4pi2
=
3(a/R∗)3
4piGρ∗
(2)
Rearrangement yields:
ρ∗ =
3pi(a/R∗)3
GP 2
(3)
Therefore, to measure ρ∗, we need only know the or-
bital period P and normalized semimajor axis a/R∗ of
a planet orbiting the star. (In particular, neither M∗
nor R∗ is necessary to obtain ρ∗.) Both P and a/R∗ are
directly measurable from the transit light curve: P is
the interval between successive transits, and a/R∗ can
be derived from the transit duration. In the case of
a circular orbit, a/R∗ follows trivially from the transit
duration and P (see Figure 1):
T =
2R∗
(2pia/P )
(4)
Rearrangement of this equation yields the normalized
semimajor axis a/R∗:
a
R∗
=
P
piT
(5)
However, in general, the eccentricity e of the transit-
ing planet’s orbit also influences the transit duration T .
The exact solution for T in the case of an eccentric orbit
Know the planet, know the star 3
involves solving a quartic equation in cos f , where f is
the true anomaly (see Kipping 2008, 2010 for details).
However, Kipping (2010) found the following approxi-
mate expression for T under the simplifying assumption
that the planet-star separation does not change during
the transit:
T ' P
pi
%2c√
1− e2 arcsin
(√
1− (a/R∗)2%2c cos2 i
(a/R∗)%c sin i
)
(6)
where %c is the separation between the planet and star
at mid-transit, in units of stellar radii.
Since e and ρ∗ both influence the transit duration T , it
is necessary to have a precise constraint on the e in order
to derive a precise constraint on ρ∗ (Kipping 2010). For
some planets, such as planets with observed secondary
eclipses, e is directly measurable (e.g. Knutson et al.
2007b); for others, such as planets on very short-period
orbits which are expected to tidally circularize quickly
or planets in compact multi-planet systems, dynamical
stability constrains e to low values. For each of these
categories of planet—secondary-eclipse planets, tidally
circularized planets, and multi-planet systems—we may
express the existing eccentricity constraint as a Bayesian
prior on e. In sections 2.2.1-??, we describe how we
select a sample of Kepler Objects of Interest (KOIs)
belonging to each category for transit modeling.
We note that, in principle, ρ∗ could also be mea-
sured from the transits of planets with radial velocity-
measured eccentricities. However, analyzing such plan-
ets requires jointly fitting the radial velocity curves,
including accurate treatment of stellar activity effects.
This is beyond the scope of the present study, and we
defer analysis of planets with radial velocity-measured e
to later work.
Assuming, then, that we have a strong e prior, all we
must do to measure ρ∗ from a transit is fit a transit
model, comprising ten parameters: the transit epoch
t0, the orbital period P , the impact parameter b, the
stellar density ρ∗, the ratio-of-radii Rp/R∗, the orbital
eccentricity e, the argument of periastron ω, and three
coefficients of a modified nonlinear limb darkening law
(transformed to allow for efficient sampling as described
in Kipping 2016), αr, αh, and αθ. In other words, we
must explore this ten-dimensional parameter space and
find a region that matches the Kepler transit data.
We use the transit-modeling code BATMAN (Kreidberg
2015) to compute the light curve of a given set of ten
transit model parameters, compare this model to the
Kepler data, and evaluate the likelihood of the param-
eters. We step through the ten-dimensional parameter
space and derive posterior distributions for the model
parameters with emcee (Foreman-Mackey et al. 2013),
an affine-invariant ensemble Markov chain Monte Carlo
(MCMC) sampler. Details of this procedure are given
in section 2.4.
2.2. Sample selection
Here, we describe how we select a sample of KOIs
with strong eccentricity priors for transit modeling. We
furthermore select the host stars of these KOIs to span
a broad range in Kepler -band magnitude and effective
temperature, as shown in Figure 2, in order to investi-
gate the efficacy of this method across a wide range of
stellar types.
2.2.1. Secondary eclipse targets
Certain exceptional transiting planets are bright
enough relative to their host star that the flux from the
planet-star system drops perceptibly when the planet
passes behind the star. Such planets are thus detected
both when they pass in front of their host stars (transit)
and when they pass behind (occultation, or secondary
eclipse). Clocking the planet at two points in its orbit,
rather than just at transit, makes it possible to precisely
constrain the eccentricity and argument of periastron
(ω) of the orbit (e.g., Winn 2010); in other words, it
places a strong prior on e, which allows us to measure
ρ∗ from the planet’s transit.
More specifically, we may derive constraints on e cosω
and e sinω by measuring the time elapsed between mid-
transit and the subsequent mid-occultation (∆t) and the
relative duration of the transit compared to the occul-
tation, Ttransit/Toccultation. Approximate expressions for
these constraints may be found in Winn (2010):
e cosω ' pi
4
(
2∆t
P
− 1
)
(7)
e sinω ' Ttransit
Toccultation
− 1 (8)
We draw KOIs with observed secondary eclipses (here-
after, “occultation targets”) from catalogs compiled by
Coughlin & Lo´pez-Morales (2012) and Shabram et al.
(2016). Shabram et al. (2016) measured the eccentric-
ities of 50 KOIs with detected secondary eclipses. Of
these, five (KOI-774.01, KOI-805.01, KOI-895.01, KOI-
1227.01, and KOI-1391.01) were subsequently identified
as false positives in the NASA Exoplanet Archive1 (Ake-
son 2015, hereafter “NEA”), leaving 45 targets with
measured eccentricities. To this list, we add a further
10 KOIs detected in secondary eclipse by Coughlin &
Lo´pez-Morales (2012). Of these, four (KOIs 1.01, 5.01,
10.01, and 412.01) are not counted as significant SE de-
1 https://exoplanetarchive.ipac.caltech.edu/, accessed 1
August 2017.
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Figure 2. The distribution of our target stars, compared to all KOI-hosting stars and KOI-hosting stars with asteroseismic
density measurements, in Teff -magnitude space. Opaque circles represent stars for which we achieve comparable ρ∗ precision to
asteroseismology (fractional uncertainty ≤ 5%); transparent squares represent stars for which we do not. Four of our targets
overlap with the Huber et al. (2013) asteroseismic sample; see Figure 7 for details.
tections by Coughlin & Lo´pez-Morales 2012, so we ad-
vise caution in adopting our transit parameter posteriors
for these targets.
We remove one of these targets (KOI-203.01) from the
list due to stroboscopic starspot activity (De´sert et al.
2011) and another four (KOI-202.01, KOI-760.01, KOI-
883.01, and KOI-1781.01) due to detected transit timing
variations (TTVs; Holczer et al. 2016). Modeling the
transits of a planet with detected TTVs is prohibitively
computationally expensive, because it requires adding
a new model parameter to describe every successive in-
terval between transits (Teachey et al. 2017), and some
of our target planets undergo hundreds of transits over
Kepler ’s 4-year observational baseline.
Finally, we remove 6 occultation targets because their
MCMC analysis was prohibitively slow (see Section 2.4)
as a result of their unusually high number of data points
(∼ 105 − 106, compared to ∼ 103 − 105 for successfully
analyzed occultation targets). The resulting occultation
target list, comprising 44 KOIs (the majority of our tar-
gets), is presented in Table 1.
2.2.2. Tidally circularized targets
Our second target population consists of KOIs with
short tidal circularization timescales τcirc (“tidal tar-
gets”). In general, we expect such KOIs to have ap-
proximately circular orbits (e close to 0); more pre-
cisely, Wang & Ford (2011) found that the e distribution
for single-planet systems with short τcirc is consistent
with an exponential distribution, P (e, λ) = 1λ exp
−e
λ ,
with scale parameter λ = 0.00796. Similarly, Kipping
(2013) found strong evidence that the short-period sam-
ple of RV-observe planets reside on less elliptical orbits
than their longer-period counterparts, at a confidence of
11.6σ.
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Table 1. Occultation targets, with measured transit parameters, stellar densities, and limb darkening coefficients.
A machine-readable version of this table with more significant figures and the complete target list is available online.
KOI t0 [BKJD] P [days] b log10(ρ∗) Rp/R∗
√
e cosω
√
e sinω αr αh αθ
[kg/m3]
1.01 122.7625+0.0003−0.0006 2.47061338
+1e−08
−1e−08 0.79
+0.01
−0.01 3.3
+0.07
−0.03 0.129
+0.001
−0.001 −0.4+0.1−0.1 −0.21+0.05−0.08 0.01+0.07−0.008 0.78+0.05−0.06 0.46+0.08−0.31
5.01 132.972+0.001−0.002 4.780332
+2e−06
−2e−06 1.0
+0.7
−0.3 2.3
+1.0
−0.3 0.07
+0.68
−0.05 −0.1+0.2−0.1 −0.15+0.21−0.07 0.6+0.3−0.4 0.2+0.7−0.2 0.3+0.6−0.3
10.01 121.1195+0.0001−0.0001 3.5224985
+1e−07
−1e−07 0.72
+0.01
−0.03 2.68
+0.05
−0.02 0.0981
+0.0003
−0.0004 0.01
+0.09
−0.09 −0.1+0.1−0.1 0.1+0.01−0.02 0.9+0.08−0.16 0.39+0.05−0.04
...
...
...
...
...
...
...
...
...
...
...
1793.01 131.7787+0.0005−0.001 3.26176
+1e−06
−1e−06 1.2
+0.5
−0.9 2.8
+1.0
−0.1 0.4
+0.4
−0.3 −0.1+0.1−0.1 −0.1+0.1−0.1 0.6+0.3−0.3 0.6+0.3−0.4 0.8+0.2−0.4
To identify circularized KOIs, we adopt a theoreti-
cal upper limit for τcirc from Haswell (2010), based on
an upper limit for planet mass Mp, max = 25MJ =
0.025M chosen to exceed the mass of any confirmed
exoplanet in the exoplanets.org database:
τcirc ≤ P
21pi
(
KdP
QP
)−1
0.025M
M∗
(
a
R∗
)5(
RP
R∗
)−5
(9)
Here, P is the orbital period of the planet, M∗ is the
host star’s mass, R∗ is the stellar radius, a is the planet’s
semi-major axis, and Rp is the planet’s radius. KdP is
the planet’s dynamical Love number, a dimensionless
parameter which expresses the ratio of the additional
gravitational potential produced by tidal redistribution
of the planet’s mass to the gravitational potential be-
fore redistribution (Poulsen 2009; Love 1934). QP is
the planet’s tidal quality factor, another dimensionless
parameter which quantifies the efficiency of tidal dissi-
pation in the planet (Ogilvie & Lin 2004).
Using Kepler’s third law, we may express a/R∗ in
terms of M∗ and R∗, which are more reliably reported
in the Kepler catalog because they do not depend on
transit modeling. This conversion yields
τcirc ≤ P
21pi
(
KdP
QP
)−1 0.025M
M∗
(
RP
R∗
)−5 (P 2GM∗
4pi2R3∗
)5/3
(10)
We apply a linear interpolation to Solar System values
to obtain the following equation for KdPQP (Teachey et al.
2017):
KdP
QP
= 10
−2.90−20.33RPR∗
R∗
R (11)
To assemble our tidal target list, we select every KOI
with τcirc less than 10
8 years according to these equa-
tions. There are 19 such KOIs; the maximum orbital
period of these is 1.6 days (KOI-809.01). Of these,
we remove five from the target list: KOI-203.01, again
due to its stroboscopic starspot activity (De´sert et al.
2011); KOI-1546.01, for detected transit timing varia-
tions (Holczer et al. 2016); KOI-3156.01, an identified
hierarchical quintuple star system (Shibahashi & Kurtz
2013; Rappaport et al. 2016); KOI-5804.01, a highly ac-
tive star where NEA-identified “transits” correspond to
alternating minima in the stellar light curve; and KOI-
6534.01, which has no visible transits in its light curve
at the NEA-determined transit epoch and period.
Finally, we remove 1 tidal target because because its
MCMC analysis was prohibitively slow (see Section 2.4)
as a result of its unusually high number of data points (∼
105, compared to ∼ 103 − 104 for successfully analyzed
tidal targets). The remaining 13 tidal targets are listed
in Table 2.
Table 2. Tidally circularized (“tidal”) targets, with measured transit parameters, stellar densities, and limb
darkening coefficients. A machine-readable version of this table with more significant figures and the complete
target list is available online.
KOI t0 [BKJD] P [days] b log10(ρ∗) Rp/R∗
√
e cosω
√
e sinω αr αh αθ
[kg/m3]
809.01 170.64828+7e−05−0.00186 1.5947455
+1e−07
−1e−07 0.67
+0.04
−0.02 3.1
+0.03
−0.02 0.13
+0.002
−0.002−0.02+0.07−0.56−0.03+0.08−0.15 0.3+0.4−0.2 0.5+0.3−0.2 0.22+0.31−0.08
1064.01 133.49+0.21−0.09 1.187
+0.005
−0.005 0.8
+0.3
−0.1 1.97
+0.55
−0.08 0.5
+0.2
−0.3 0.0
+0.3
−0.2 −0.1+0.2−0.2 0.7+0.3−0.2 0.6+0.3−0.3 0.25+0.34−0.09
1075.01 133.2764+0.0004−0.0007 1.3437661
+6e−08
−7e−08 1.91
+0.02
−0.04 2.437
+0.007
−0.011 0.98
+0.01
−0.04 −0.01+0.03−0.04−0.1+0.02−0.02 0.8+0.2−0.4 4e− 05+0.00094−4e−05 0.07+0.86−0.05
...
...
...
...
...
...
...
...
...
...
...
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Table 2. Tidally circularized (“tidal”) targets, with measured transit parameters, stellar densities, and limb
darkening coefficients. A machine-readable version of this table with more significant figures and the complete
target list is available online.
KOI t0 [BKJD] P [days] b log10(ρ∗) Rp/R∗
√
e cosω
√
e sinω αr αh αθ
[kg/m3]
7449.01 132.62+0.03−0.14 1.3245
+0.0029
−0.0006 1.2
+0.8
−0.3 1.4
+0.5
−0.2 0.4
+0.6
−0.3 0.03
+0.15
−0.08 −0.0+0.3−0.2 0.3+0.6−0.3 0.71+0.09−0.44 0.6+0.1−0.2
2.2.3. Compact multi-planet systems
Finally, we consider compact multi-planet systems,
which are not expected to be dynamically stable unless
their constituent planets are on low-eccentricity orbits.
Van Eylen & Albrecht (2015) quantify this expectation
by examining 28 Kepler multi-planet host stars with as-
teroseismic ρ∗ measurements. They use the discrepancy
between the asteroseismic and transit-derived ρ∗ mea-
surement to measure the eccentricity of each of the 74
KOIs in their sample. They find that the resulting ec-
centricities are well described by a Rayleigh distribution,
P (e, σ) = eσ2 exp
−e2
2σ2 , with σ = 0.049± 0.013.
We cannot properly use this Rayleigh distribution as
a prior e distribution to measure ρ∗ of the host stars in
the Van Eylen & Albrecht (2015) sample itself, because
the ρ∗ information contained in those KOIs’ transits was
used to define the prior in the first place. Rather, we
must identify an independent sample of KOIs which re-
sembles the sample of Van Eylen & Albrecht (2015).
To assemble this sample, we compare the distribution
of period ratios of the Van Eylen & Albrecht (2015) sam-
ple to that of the remaining Kepler multi-planet sys-
tems. For each multi-planet system, we calculate the
ratio of the orbital period of each outer planet to its
nearest inner neighbor. The distribution of period ra-
tios in the Van Eylen & Albrecht (2015) sample serves
as a reference distribution; we identify a sample of 1340
KOIs which is consistent with the Van Eylen & Albrecht
(2015) sample by an Anderson-Darling test (p = 0.4;
Anderson & Darling 1952). We further subject the two
samples to a Kolmogorov-Smirnov test and find them
consistent at the p = 0.15 level (Kolmogorov 1933;
Smirnov 1948).
We impose a signal-to-noise cutoff on this KOI sample,
discarding planetary systems where the Kepler -reported
transit model SNR < 50 for one or more of the KOIs.
After the cutoff, 27 systems remain; of these 27 systems,
12 exhibit TTVs (Holczer et al. 2016) and are removed
from the target list. We remove a further 2 systems,
comprising 5 KOIs, because because their MCMC anal-
ysis was prohibitively slow (see Section 2.4) as a result of
their unusually high number of data points (∼ 105−106,
compared to ∼ 103−105 for successfully analyzed multi-
planet targets), and 4 further systems for having very
few remaining posterior samples after we perform some
quality checks (see Section 3 for details). The remaining
9 systems, comprising 18 KOIs, are listed in Table 3.
Table 3. Compact multi-planet systems (“multis”) selected to be statistically consistent with the sample of Van
Eylen & Albrecht (2015), with measured transit parameters, stellar densities, and limb darkening coefficients. A
machine-readable version of this table with more significant figures and the complete target list is available online.
KOI t0 [BKJD] P [days] b log10(ρ∗)Rp/R∗
√
e cosω
√
e sinω αr αh αθ
[kg/m3]
124.01 137.136+0.004−0.011 12.69085
+0.00025
−5e−05 0.68
+0.31
−0.05 2.8
+0.3
−1.5 0.0154
+0.0066
−0.0005 0.25
+0.04
−0.01 0.1
+0.06
−0.03 0.87
+0.02
−0.02 0.58
+0.04
−0.03 0.3
+0.01
−0.17
124.02 142.833+0.008−0.004 31.71962
+0.00025
−5e−05 0.83
+0.09
−0.03 0.019
+0.0886
−0.0004 0.14
+0.1
−0.06 −0.05+0.08−0.29
153.01 139.7138+0.0005−0.0011 8.925083
+2e−06
−9e−06 0.98
+0.04
−0.01 1.95
+0.05
−0.02 0.11
+0.02
−0.03 0.03
+0.02
−0.02 −0.246+0.009−0.009 0.65+0.06−0.03 0.51+0.09−0.04 0.991+0.007−0.011
153.02 128.72+0.03−0.03 4.754008
+2e−06
−9e−06 1.06
+0.04
−0.06 0.08
+0.04
−0.05 −0.16+0.04−0.03 −0.513+0.006−0.009
678.01 172.61+0.3−0.01 6.0634
+0.0001
−0.0201 0.02
+0.84
−0.02 0.7
+1.9
−0.2 0.023
+0.024
−0.001 0.14
+0.02
−0.01 0.4
+0.2
−0.3 0.18
+0.13
−0.02 0.76
+0.01
−0.2 0.64
+0.08
−0.44
678.02 132.04+0.41−0.08 4.1615
+0.0001
−0.0201 1.0
+0.01
−0.23 0.02
+0.03
−0.02 −0.37+0.03−0.04 −0.24+0.02−0.02
...
...
...
...
...
...
...
...
...
...
...
2687.01 131.96+0.07−0.22 1.717
+0.016
−0.003 1.0
+0.5
−0.1 2.9
+1.2
−2.0 0.1
+0.4
−0.1 0.0
+0.1
−0.1 −0.34+0.18−0.08 0.42+0.3−0.08 0.6+0.1−0.3 0.7+0.2−0.4
2687.02 136.2+0.4−0.4 8.167
+0.016
−0.003 1.0
+0.4
−0.3 0.3
+0.2
−0.3 −0.2+0.3−0.1 −0.2+0.4−0.4
2.3. Detrending
Here, we describe our procedure for detrending the
Kepler light curves of our 75 target KOIs (orbiting 66
target stars) in preparation for transit modeling. The
trends in question are due to stellar activity or instru-
mental effects and are superimposed on the planetary
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transits in the light curve.
2.3.1. Outlier removal
We begin by splitting each target KOI’s full Kepler
simple aperture photometry light curve into individual
transits, each bookended by sufficient out-of-transit ob-
servation time to capture out-of-transit trends in the
light curve. For targets with available short-cadence ob-
servations (58.86 seconds per exposure), we apply the
below procedure to both short- and long-cadence data;
otherwise we use long-cadence data (29.4 minutes per
exposure).
To slice the light curve, we use the NEA-reported tran-
sit ephemeris t0, orbital period P , and transit duration
T14 (Akeson 2015). We divide each light curve into seg-
ments centered at t0 plus successive integer values of P .
For each segment, we keep out-of-transit data spanning
an interval t1/2 + tOOT on either side of t0, where we
define t1/2 as slightly more than half a transit duration,
and tOOT as an “out-of-transit window:”
t1/2 = 1.1
(
T14
2
+ tLC
)
(12)
tOOT =
√
10 t1/2, (13)
or roughly 3 t1/2. Here, tLC is the integration time of
a long-cadence Kepler exposure, equal to 29.4 minutes.
We discard data points where |t− t0| > (t1/2 + tOOT ).
Once each KOI’s light curve is divided into individual
transit segments, we remove flux outliers and discard
transit segments with insufficient data. To remove out-
lying data points within each transit segment, we per-
form a moving median smoothing of the out-of-transit
(i.e. |t − t0| > t1/2) flux data points, with a kernel size
of 21 data points. We then reject any data points more
than 3σ away from the moving median-smoothed light
curve, where σ is defined as the Kepler -reported uncer-
tainty of each flux measurement. A small number of
transit segments also exhibit clear outliers within t1/2
of a segment midpoint, identifiable as data points with
anomalously high flux. We remove any data point that
lies more than 3σ above the within-transit light curve.
Finally, after removing individual outlying data
points, we reject any full transit segment where one of
the following conditions is met:
1. There are fewer than 3 out-of-transit data points
on one side of t0;
2. There are more than 3 out-of-transit data points,
but they span a very short time interval (i.e., less
than 2 tLC); or
3. The out-of-transit data points immediately adja-
cent to the transit are missing. Such missing data
could lead to poor constraints on the transit depth
or duration.
After outlier removal, each target KOI’s light curve is
reduced to a series of individual transit segment light
curves. Each transit observed at Kepler’s long cadence
contains ∼ 30 data points, and each transit observed in
short cadence contains ∼ 750 data points.
2.3.2. Evaluation of out-of-transit trends
The transit segments isolated by the above procedure
are individually afflicted by out-of-transit trends due to
stellar activity and instrumental variation. To fit a pre-
cise transit model to each KOI, we must first account
for these trends (e.g. Aigrain et al. 2016; Luger et al.
2016). One approach to detrending would be to add ad-
ditional free parameters to our transit model to describe
each transit’s trends individually; fit them all; and then
marginalize over them to recover the physically interest-
ing parameters describing the planet-star system. How-
ever, this would add prohibitive computational cost, all
for the sake of nuisance parameters.
Instead, we elect to detrend each transit segment us-
ing linear least squares regression (see e.g. Kundurthy
et al. 2011). We assume that the out-of-transit trend for
each transit segment is well-fit by a low-order polyno-
mial of predetermined order, then divide out the best-
fitting polynomial trend at each MCMC step before cal-
culating the likelihood of the transit model parameters.
Polynomial detrending is a common approach to ana-
lyzing Kepler data (see e.g. O’Leary & Burkart 2014;
Fabrycky et al. 2012; Orosz et al. 2012; Lissauer et al.
2011).
To choose the appropriate polynomial order for each
transit segment, we use the Bayesian Information Cri-
terion (BIC), a model selection statistic which balances
goodness-of-fit against the number of free parameters in
the model, i.e. the polynomial order:
BIC = χ2 + k lnn (14)
Here, k is the number of free parameters in the model,
n is the number of data points, and χ2 is the squared
error of the model, scaled by the measurement uncer-
tainties.
For each transit segment, with the in-transit data
masked, we test polynomials of orders ranging from 0
to 3 and select the polynomial model with the lowest
BIC. At each MCMC step (see section 2.4, below), be-
fore evaluating the likelihood of the transit model calcu-
lated from the sampled parameters, we (i) calculate, an-
alytically, the best-fitting polynomial of this pre-selected
order for each transit segment using linear least squares
regression and (ii) impose this best-fitting polynomial
trend upon the transit model. We are then evaluating
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the likelihood of the transit model given the data, both
subject to the same out-of-transit trends.
2.4. Transit modeling
With this polynomial-fitting procedure in place, we
explore the parameter space of our transit model to iden-
tify the region that describes each planet’s transit light
curve best. For the occultation and tidal targets, this
space is ten-dimensional. For the multi-planet targets, it
is (4+6N)-dimensional, where N is the number of plan-
ets in the system; 4 parameters describe the star and
are the same for every KOI in the system (ρ∗ and the
three LDCs, αr, αh, and αθ), and 6 describe each KOI
(the transit epoch t0, the period P , the impact param-
eter b, the ratio-of-radii Rp/R∗, and the reparametrized
eccentricity and argument of periastron,
√
e cosω and√
e sinω).
We evaluate the likelihood of any given set of 4 + 6N
transit parameters by using the transit modeling pack-
age BATMAN (Kreidberg 2015) to calculate a light curve
directly from the parameters. To this calculated light
curve, we calculate and apply the best-fitting out-of-
transit polynomial trend of pre-determined order (see
Section 2.3) for each observed transit of the target KOI
to enable a direct comparison of the model to the data.
We then calculate the likelihood of the data given the
transit model parameters. We adopt a Gaussian likeli-
hood function.
We explore the 4 + 6N -dimensional parameter space
of the transit model with the affine-invariant MCMC
ensemble sampler package emcee. emcee initializes an
ensemble of MCMC walkers in this parameter space and
calculates the posterior probability of the sampled set of
transit parameters at every step in their random walk,
given a choice of prior distributions and our Gaussian
likelihood function.
We adopt the following priors for the transit parame-
ters:
1. Intrinsic priors:
(a) t0: A uniform prior from t0, reported−0.5 days
to t0, reported + 0.5 days , where t0, reported is
the transit epoch reported in the Kepler cat-
alog.
(b) P : A uniform prior from 0.9Preported to
1.1Preported, where Preported is the orbital pe-
riod reported in the Kepler catalog.
(c) b: A uniform prior from 0 to 2, allowing for
grazing transits.
(d) ρ∗, reparametrized as log10(ρ∗[kg/m
3]): A
uniform prior in log10(ρ∗[kg/m
3]) from 0 to
6.
(e) Rp/R∗: A uniform prior from 0 to 1.
(f) e and ω: Uniform priors from -1 to 1 in√
e cosω and
√
e sinω, with additional uni-
form priors restricting e to the range (0, 1)
and ω to the range (−pi, pi).
(g) Nonlinear limb-darkening coefficients
αr, αh, αθ: Uniform priors from 0 to 1
(Kipping 2016).
(h) A prior insisting that b be less than (a/R∗),
calculated from Kepler’s third law, in order
to prevent unphysical inclinations.
(i) A prior insisting that b be less than (1 +
Rp/R∗), in order to prevent unphysical tran-
sit durations.
2. Target selection-motivated e and ω priors:
(a) For the occultation targets, which have sec-
ondary eclipse-measured constraints on e and
ω, we adopt Gaussian priors in e cosω and
e sinω, where the means are given by the
measured values of e cosω and e sinω from
Shabram et al. (2016) or Coughlin & Lo´pez-
Morales (2012) and the standard deviations
by their measurement uncertainties.
(b) For the tidal targets, we adopt an exponential
prior on e, with scale parameter λ = 0.00796,
consistent with the findings of Wang & Ford
(2011).
(c) For the multi-planet targets, we adopt a
Rayleigh prior in e, with scale parameter
σ = 0.049, consistent with the findings of Van
Eylen & Albrecht (2015).
With emcee, we initialize 100 MCMC walkers per KOI
and run them for 105 steps each, generating 107 poste-
rior samples per KOI. We initialize the walkers in the
P -dimension by drawing from a Gaussian distribution
centered at the Kepler catalog-reported P , with stan-
dard deviation 0.01. We initialize the walkers in the
other 9 dimensions of parameter space by sampling ran-
domly in a 9-dimensional box spanning the range in each
parameter that is allowed by its intrinsic prior.
We discard the first 20,000 steps per walker chain as
“burn-in,” based on a conservative by-eye judgment of
when the walkers “forget” their initial conditions and
begin to explore the parameter space freely. We also
discard walker chains which fail to converge to the same
value of P as the majority of the ensemble of walk-
ers. More specifically, we calculate the median and me-
dian absolute deviation (MAD) of P over all the walker
chains. We use σˆ = 1.4826 ×MAD as an estimator for
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the standard deviation of the P distribution and dis-
card any chain whose median P differs from the overall
median by more than 5σˆ (Rousseeuw & Croux 1993).
Finally, for KOIs which are confirmed per their NEA
disposition (two-thirds of our targets, or 50 KOIs), we
discard all posterior samples with Rp/R∗ > 0.15 on the
grounds that they represent unphysically large planets.
We note that all of our target planets which are dis-
positioned as “confirmed” in the NEA are validated by
Morton et al. (2016).
3. RESULTS
We obtain successful transit fits (i.e., MCMC con-
vergence) for 66 target stars (hosting 75 individual
KOIs). For four multi-planet targets (those hosting
KOIs 156.01, 156.02, and 156.03; 723.01, 723.02, and
723.03; KOIs 1805.01, 1805.02, and 1805.03; and KOIs
1824.01 and 1824.02), less than a few hundred posterior
samples for each system remain after we discard chains
that fail to converge in P and samples with unphysi-
cally large Rp/R∗; we count these as failed fits. The
best-fit transit parameters for the 66 successes are listed
in Tables 1-3; we present the median of the posterior dis-
tribution for each parameter, with uncertainty bounds
describing the 16th and 84th percentiles.
Of order 106 − 107 samples from the posterior distri-
butions of the transit parameters remain for each KOI
after we discard the burn-in phase of the MCMC chain,
as well as chains which fail to converge in P and sam-
ples with unphysically large Rp/R∗. The files contain-
ing all of the posterior samples are prohibitively large
to be made available for online download, so we down-
sample the posteriors by a factor of 102 and publish the
resulting 104 − 105 posterior samples for each KOI at
https://doi.org/10.5281/zenodo.1028515.
As an example, in Figure 3, we present a well-
converged transit fit, for occultation target KOI-929.01
(a confirmed planet, per the NEA). We plot the corre-
sponding posterior distributions for the 10 fitted transit
parameters in Figure 4. From each posterior sample, we
calculate nine other parameters describing the system
(the transit duration T14, the flat-bottomed transit du-
ration T23, the normalized semi-major axis a/R∗, the in-
clination i, the eccentricity e, the argument of periastron
ω, and the three traditional nonlinear limb-darkening
coefficients c2, c3, and c4). We plot the distributions of
these derived parameters in Figure 5.
KOI-929.01’s posterior distributions typify our
broader results: t0 and P are by far the most precisely
constrained parameters, ρ∗ is constrained to within
5% of its median value, and
√
e cosω and
√
e sinω
are centered at zero, in agreement with the prior
constraints on this planet’s orbit from secondary eclipse
observations. When we derive the distributions of e and
ω themselves (see Figure 5), we find that e is strongly
peaked at e = 0, and ω is very poorly constrained,
which is sensible for a nearly-circular orbit. Also
typical are the constraints on the three limb-darkening
coefficients: αθ is constrained to within ∼ 15% of its
median value, and αr and αh only to within ∼ 60%.
3.1. Covariances
In this section, we investigate covariances between the
transit parameters, which indicate degeneracies in the
transit model. In other words, if independently adjust-
ing two or more of the parameters can create the same
effect in the shape of the model light curve, these pa-
rameters will correlate with each other, or co-vary.
A well-known effect in transit modeling (see e.g.
Carter et al. 2008) is the covariance between stellar den-
sity ρ∗, impact parameter b, and ratio-of-radii Rp/R∗,
which results from the mixed influence of these three
parameters on the transit duration. For example, a
larger Rp/R∗, a smaller b, and a lower ρ∗ all lead to a
longer transit duration. This covariance manifests itself
in the posterior distributions of several of our less-well-
constrained targets, especially those for which no short-
cadence observations are available and those which are
not confirmed per the NEA (for which we cannot dis-
card posterior samples with Rp/R∗ > 0.15). For such
targets, our posterior plots show an elongated positive
correlation between the b and Rp/R∗ distributions, as
well as a tail of low b values which are negatively corre-
lated with log10 ρ∗. Figure 4, although it is a confirmed
planet per the NEA, exhibits these trends.
The ultimate overall effect of this covariance is a dis-
tinct bimodality in each of the b, log10 ρ∗, and Rp/R∗
posterior distributions. For physical intuition, this bi-
modality signifies that two transit models are likely
given the observations: one in which a relatively small
planet undergoes a non-grazing transit across a compact
star, and one in which a relatively large planet under-
goes a grazing transit across a large, low-density star.
A-priori, the high-b, low-log10 ρ∗, high-Rp/R∗ peak is
physically implausible, on the grounds that we are much
more likely to observe a small planet transiting across
the midpoint of its host star than we are to observe
an enormous planet transiting across the limb (Kipping
& Sandford 2016). For independently confirmed KOIs,
we exclude all posterior samples with Rp/R∗ > 0.15
on these physical grounds, because anything larger than
this approximate limit would be an eclipsing binary, not
a transiting planet. We cannot, however, exclude the
large Rp/R∗ samples for KOIs which are not formally
confirmed per the NEA, in the case that they turn out
to be eclipsing binaries.
A strong intrinsic covariant prior on Rp/R∗ and
log10 ρ∗, i.e., a way to formally encode our skepticism
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Figure 3. An example transit fit, for occultation target KOI-929.01, a confirmed planet per its NEA disposition. The black points
are the 183 transits observed for this KOI, detrended and stacked; it is not observed in short cadence, so all of these data points
are long-cadence observations. The blue lines are light curve models computed by BATMAN (Kreidberg 2015) from 500 random
draws from our 10-dimensional transit parameter posterior distributions. This KOI has an orbital period of 6.491683±0.000002
days, and it orbits a star of Kepler -band magnitude 15.649.
of grazing, large-planet fits, would address this problem
of bimodality, as discussed in Kipping & Sandford 2016.
However, the exoplanet population data are not yet ro-
bust enough to define such a prior.
Also evident in the posterior distributions of the tran-
sit parameters is a covariance between the limb dark-
ening coefficients αr and αh. For the vast majority
of our target stars, these parameters are not tightly
constrained—the posteriors displayed in Figure 4 are
typical. Although the peaks of the distributions of αr
and αh are broad, however, there is a clear negative cor-
relation between the two, with high αr corresponding
to low αh and vice versa. This covariance explains the
trends we discuss in Section 3.2.1, where we compare
our observed αs to theoretical predictions from stellar
atmosphere modeling.
Finally, we note a strong covariance between c2, c3,
and c4, evident in the rightmost panels of Figure 5. This
covariance, which motivated the transformation to α-
space originally (Kipping 2016), exists because only a
relatively small region of the three-dimensional c-space
describes physically realistic limb-darkening behavior.
3.2. Stellar densities
The ensemble results of our stellar density measure-
ments are presented in Figure 6. In this figure, for each
target star, we compare the posterior distributions of
log10 ρ∗ derived from our transit fitting with the con-
straints on log10 ρ∗ from the Kepler Data Release 25
(DR25) Stellar Properties Catalog by Mathur et al.
(2017). The posteriors from the Mathur et al. (2017)
catalog are derived by performing Dartmouth Stellar
Evolution Database isochrone modeling on input values
of Teff, log g, and [Fe/H] obtained from earlier studies
relying on a variety of experimental methods, includ-
ing spectroscopy, flicker, asteroseismology, and previous
transit modeling.
Our transit modeling-derived log10 ρ∗ is in 1σ or better
agreement with the isochrone modeling-derived DR25
constraint for 55% of our target stars, and in 3σ agree-
ment for 95%. The only three target stars for which
we disagree with the DR25 stellar density constraint at
the 3σ level are tidal targets KOI-5157.01 and 7430.01
and the multi-planet system consisting of KOIs 153.01
and 153.02. We note that all four of these KOIs have
unusually poorly constrained transit epochs, the param-
eter that is generally best constrained by our modeling.
Correspondingly, we recommend against adopting our
modeled transit parameters for these KOIs and their
host stars.
Our transit modeling-derived log10 ρ∗ is more precise
than the isochrone modeling-derived DR25 constraint
for 50% of our targets. The median improvement to
fractional uncertainty for these 50% is a factor of 2.3,
meaning that our fractional uncertainty is less than half
that of the literature value for a typical target star. We
achieve comparable precision to asteroseismology (i.e.,
fractional uncertainty in ρ∗ ≤ 5%) for 62% of our tar-
gets. For some others, e.g. KOI-1793.01, KOI-4351.01,
and KOI-3913.01, the bimodality discussed in section 3.1
is apparent, and we derive a poor constraint on log10 ρ∗.
We are able to extend sub-5%-fractional-uncertainty
stellar density measurements to Kepler stars three mag-
nitudes fainter than asteroseismology can, across a
broad range in Teff , as shown in Figure 2. Opaque circles
in this figure represent stars for which we achieve frac-
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Figure 4. Posterior distributions for the ten fitted transit parameters of occultation target KOI-929.01, a confirmed planet per
the NEA. The red lines mark the median of each distribution; the black dotted lines mark the 16th and 84th percentiles.
tional log10 ρ∗ uncertainty of less than 5%, and trans-
parent squares represent stars for which we do not.
3.2.1. Comparisons with asteroseismology
Four of our occultation targets (KOIs 1.01, 5.01, 97.01,
and 98.01) have previously been targeted for asteroseis-
mic density measurement by Huber et al. (2013). In
Figure 7, we compare our ρ∗ posteriors directly to the
asteroseismically measured ρ∗ for each of these four tar-
gets.2
Our results are in good agreement for KOIs 5.01,
97.01, and 98.01; KOIs 5.01 and 97.01 are in 1σ agree-
ment with asteroseismology, and KOI-98.01 in 2σ agree-
2 The Mathur et al. 2017 posteriors are derived by feeding these
asteroseismic constraints through isochrone modeling, so they are
in excellent agreement with the Huber et al. 2013 results.
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Figure 5. Distributions for nine derived parameters of occultation target KOI-929.01, a confirmed planet per the NEA. These
are parameters which we did not fit for directly but can compute from the posterior samples plotted in Figure 4. Here, c2, c3,
and c4 are the traditional coefficients of a modified nonlinear limb-darkening law, computed from our reparametrized αs. The
purple lines mark the median of each distribution; the black dotted lines mark the 16th and 84th percentiles.
ment. We achieve comparable precision to asteroseis-
mology except in the case of KOI 5.01, which undergoes
grazing transits at low signal to noise and is subject to
the parameter covariances discussed in section 3.1.
For the final target with available asteroseismic data,
KOI-1.01 (TrES-2b), we derive a higher stellar density
than previously published constraints. Although our
transit model for this planet is well-converged and a
good match to the Kepler data, we note that our best-
fitting parameters conflict with earlier results from very
reliable analyses—in particular, we derive an eccentric-
ity e = 0.2+0.16−0.08, while radial velocity observations agree
that this planet’s orbit is consistent with being circular
(O’Donovan et al. 2006, 2010; Kipping & Bakos 2011;
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Figure 6. A comparison of our ρ∗ posteriors to previously published constraints. Top block: KOIs for which we achieve ≤ 5%
fractional uncertainty on log10 ρ∗ (62% of targets); bottom block: KOIs for which we do not. For each KOI, the upper row
shows the posterior distribution of log10 ρ∗ derived in this work, and the lower row shows the Kepler Data Release 25 constraint
(Mathur et al. 2017) on log10 ρ∗ derived from Dartmouth Stellar Evolution Database isochrone modeling. Within each block,
the KOIs are sorted from top to bottom in order of increasing median log10 ρ∗ from our results.
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Figure 7. A comparison of our ρ∗ posteriors (top rows) to
the Mathur et al. (2017) ρ∗ posteriors (bottom rows) and
asteroseismic constraints on ρ∗ by Huber et al. (2013) (blue
boxes). We discuss the evident discrepancy between our re-
sults and asteroseismology for KOI-1.01 (TrES-2b) in Sec-
tion 3.2.1.
Coughlin & Lo´pez-Morales 2012). e and ρ∗ are covari-
ant, and the sense of the covariance is such that a too-
high e would indeed cause us to overestimate ρ∗. We
must then explain why we derive such a high e, espe-
cially given that we impose a strong e prior which should
favor near-zero values of e.
We attribute our implausibly high e to a failure of our
transit model to accurately capture the limb-darkening
behavior of KOI-1.01’s host star. Upon closer inspection
of KOI-1.01’s posterior distributions, we observe that
the posterior distributions of the limb-darkening coeffi-
cients are strange, particularly that of αr. While the
vast majority of our target KOIs exhibit well-behaved
αr distributions like those of KOI-929.01 (see Figure 4:
the αr distribution is broad and peaked in the middle of
the allowable αr range), KOI-1.01’s is instead narrowly
peaked at αr = 0.01
+0.07
−0.01. In other words, it abuts the
lower boundary of our uniform prior on αr, which indi-
cates that the limb-darkening behavior of our highest-
likelihood model is unphysical.
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Figure 8. The limb darkening profile of KOI-186.01, which
transits close to the midplane of its host star, compared
to that of KOI-1.01 (TrES-2b), which undergoes a graz-
ing transit. In each panel, we plot profiles I(µ)/I(1) =
1 − c2(1 − µ) − c3(1 − µ3/2) − c4(1 − µ2) computed from
1000 random draws from the posterior distributions of the
LDCs (black lines) and theoretical predictions for the limb
darkening profile from Sing (2010) (red lines).
Our transit model fails to capture the limb darkening
behavior of KOI-1.01’s host star because KOI-1.01 un-
dergoes a grazing transit (we derive b = 0.79± 0.01; the
NEA reports b = 0.818 ± 0.001). In other words, the
planet transits across the limb of the star, so the tran-
sit data contains no information about the star’s limb
darkening behavior near the center of the sky-projected
star (µ = 1). Our three-parameter limb darkening law is
actually somewhat of a liability in this situation: a very
flexible model, subject to minimal constraining data, is
free to adopt physically implausible (though still tech-
nically permitted within the bounds of the priors) com-
binations of the αs in pursuit of the highest-likelihood
solution, where a less flexible model, with fewer free pa-
rameters, would be fixed by fewer constraints.
To illustrate the undesirable effects of the flexibility in
the limb darkening model in the case of grazing transits,
in Figure 8, we compare our measured limb darkening
profile of KOI-1.01 (TrES-2b) to that of KOI-186.01,
which transits very close to the midplane of its host star.
KOI-186.01’s limb darkening profile is well-constrained
from µ = 0 (the stellar limb) to µ = 1, while KOI-1.01’s
is poorly constrained, with a wide range of plausible α
behavior.
Visual inspection of the posterior distributions for
KOI-1.01 confirms that the posterior samples with near-
zero αr correspond to unrealistically high values of e and
ρ∗.
We examine the remainder of our target list for other
stars which exhibit similarly suspicious α posteriors, and
we also compare our results to the theoretical predic-
tions of Sing (2010), based on stellar atmosphere mod-
eling, in figure 9. This figure shows a comparison of
our observed α-values to the Sing (2010) predictions,
which we calculate by linearly interpolating their Table
2 results and evaluating the interpolation at the NEA-
provided stellar spectroscopic parameters for our target
stars. To check for general consistency between our re-
sults and the Sing (2010) predictions, we plot 3σ uncer-
tainty bounds on our α-values. We highlight the results
for KOI-1.01 in bright blue; note in particular its anoma-
lously low αr value.
We identify a handful of suspect stars which exhibit
similarly anomalous values of any of the three αs, abut-
ting either the lower (α = 0) or upper (α = 1) bound-
aries of our prior, and which also have derived values of
e which are inconsistent with their strong eccentricity
prior. The KOIs meeting these criteria are, of the oc-
cultation targets, KOIs-1.01 (as discussed already) and
823.01; of the tidal targets, KOIs-1075.01 and 1658.01;
and of the multi-planet targets, the KOI-153 and 1779
systems. All of these lone KOIs, and at least one KOI
orbiting each of the suspect multi-planet targets, un-
dergo grazing transits, so their behavior is overall con-
sistent with the case of KOI-1.01, discussed above. (We
note that occultation target KOI-1541.01 also has an
anomalously high αh, but that its correspondingly high
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eccentricity is consistent with the priors in e cosω and
e sinω adopted from Coughlin & Lo´pez-Morales (2012),
and also that it transits at very low impact parameter,
so its transits contain information about its entire limb
darkening profile.)
The case of KOI-1.01 demonstrates that strangely
behaved LDC posterior distributions strongly indicate
that other transit model parameters—especially ρ∗—
may not be reliable. We therefore advise extreme cau-
tion in adopting our transit model parameter posteriors
for these stars.
Aside from these isolated cases, which comprise 12%
of our target list, Figure 9 establishes that our results
are generally in good agreement with the predictions of
Sing (2010). 79% of our target stars are consistent with
Sing (2010) at the 3σ level in all three α-dimensions,
and 94% in at least two of the three α-dimensions. We
note that, although our results statistically agree, there
are systematic offsets between our αr and αh values and
those of Sing (2010); in particular, we overpredict αr and
underpredict αh. These two parameters, however, as
we discuss in Section 3.1, are not independent—rather,
they co-vary in exactly the sense observed in this figure,
with high αr corresponding to low αh. We find that the
fractional uncertainty in the αs is positively correlated
with impact parameter b, consistent with the results for
KOI-1.01.
3.3. Limb darkening coefficients
We also investigate the relationship of our measured
nonlinear limb-darkening coefficients, αr, αh, and αθ, to
various stellar properties from the Kepler input catalog.
In Figure 10, we plot various projections of this high-
dimensional stellar parameter space to look for correla-
tions. We find that the three αs are totally uncorrelated
with Kepler -band magnitude, Teff , log g, stellar radius,
stellar mass, and each other. The only pattern of note
in this parameter space is the sharp peak of αθ about a
value of approximately 0.6; that so many disparate tar-
get stars share this value indicates that αθ is especially
uninformative with respect to stellar properties.
When we transform the three αs into the more tradi-
tional nonlinear LDCs c2, c3, and c4 (see e.g. Sing 2010;
Claret 2000), the LDCs remain essentially uncorrelated
with any stellar properties. The strong peak in the αθ
distribution evident in Figure 10 translates to a strong
peak in c4, indicating that c4 is the least informative
LDC with respect to stellar properties.
3.3.1. Which stars are the best transit-modeling targets?
Having demonstrated the capability of transit model-
ing to yield high-precision measurements of stellar den-
sity, we now ask: Are some stars better suited to mea-
surement by this method, and if so, can we identify
those stars ahead of time? In other words, are there
any properties of a star or its associated KOIs that pre-
dict a successful, precise transit-based ρ∗ measurement,
or disqualify a star from such a measurement?
In Figure 11, we plot the fractional uncertainty of
each of our transit-based ρ∗ measurements against var-
ious stellar and KOI data properties. Stellar prop-
erties include the Kepler -band magnitude, Teff , log g,
stellar radius, and stellar mass; KOI properties in-
clude whether short-cadence observations were avail-
able, whether the KOI is “confirmed” per its NEA dis-
position, and the NEA threshold-crossing event signal-
to-noise ratio (SNR).
We find that the achieved precision on ρ∗ does not de-
pend on any stellar properties, meaning that faint and
bright, hot and cool, large and small stars are equally
appropriate targets, a priori, for transit-based stellar
density measurements. This lack of any dependence of
the success of our method on the properties of our tar-
get stars is evident in the distribution of opaque circles
(target stars measured to high ρ∗ precision) across Fig-
ure 2.
The fractional uncertainty in our ρ∗ measurements
does, however, correlate strongly with the NEA-reported
SNR, which is sensible given that the precision of our de-
rived transit parameters, including ρ∗, depends on our
ability to successfully model transits. We furthermore
find that planets observed in short cadence are more
likely to have precise ρ∗ measurements, but that short-
cadence data is not necessary to achieve this level of
precision. Planets which are confirmed per the NEA are
also more likely to have high-precision ρ∗ measurements,
which is partly due to our ability to discard posterior
samples with unphysical Rp/R∗ (and corresponding ρ∗)
for these KOIs. Another contributing factor is that plan-
ets which are easy to confirm by other exoplanet detec-
tion methods (large, close to their host stars) are also
likely to have high transit SNR.
4. CONCLUSIONS
In this work, we demonstrate the promise of exo-
planetary transits to characterize planet-hosting stars
with high precision. We select 66 target planet-star
systems with strong prior constraints on planetary
eccentricity, either directly measured from secondary
eclipses, or strongly implied by a short tidal circular-
ization timescale or compact multiplicity. We fit tran-
sit models to these targets and derive posterior distri-
butions of ten transit parameters: transit epoch, pe-
riod, impact parameter, stellar density, ratio-of-radii,
reparametrized eccentricity and argument of periastron,
and three reparametrized coefficients of a modified non-
linear limb darkening law. We make downsampled pos-
terior distributions for the transit parameters of the 75
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KOIs orbiting our 66 target stars available at https:
//doi.org/10.5281/zenodo.1028515.
For 95% of our targets, our measured stellar densities
are in agreement with previously published constraints
at the 3σ level (55% at the 1σ level). Furthermore, for
50% of our targets, we improve upon the best available
published constraint on stellar density; the median im-
provement is slightly greater than a factor of two, mean-
ing that we achieve a fractional uncertainty less than
half of the literature value. For 62% of our targets, we
achieve comparable precision to asteroseismology (typi-
cal fractional uncertainty ≤ 5%), generally considered
the gold-standard method of stellar density measure-
ment. We demonstrate that the success of our method
for any given target planet-star system does not depend
on any of the star’s properties, but instead depends only
on the signal-to-noise ratio of the planetary transits.
Correspondingly, we successfully use this method to
extend asteroseismic-level-precision stellar density mea-
surements to stars three magnitudes fainter than the
Kepler asteroseismic limit, across a broad range of ef-
fective temperatures. We note that, although TESS
will observe brighter stars than Kepler, its asteroseismic
limit will be several magnitudes brighter (∼ 8th magni-
tude) due to its small aperture (Campante et al. 2016;
Ricker et al. 2014), and therefore that this transit-based
method will be invaluable in characterizing TESS stars
which are inaccessible to asteroseismology.
We emphasize that this method requires no data be-
yond a transiting exoplanet light curve, and it therefore
promises to aid greatly in exoplanet host star character-
ization in the era of TESS and LSST, when we expect
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to discover many more transiting planets than we can
hope to quickly follow up spectroscopically.
Finally, in advance of TESS, we note the potential of
this precise transit fitting technique to characterize not
just stars, but also singly-transiting planets, as shown
by Yee & Gaudi 2008. We demonstrate in this work
that transiting planets with strong prior eccentricity
constraints may be used to strongly constrain their host
stars, yielding very precise (≤ 5% uncertainty) measure-
ments of their hosts’ properties, including ρ∗. Once a
host star is “anchored” by a transiting planet (a “stellar
anchor” planet) in this way, the properties of any other
transiting planets in the system can be derived to higher
precision using the transit-measured stellar parameters
than would be possible without this information.
TESS’ observational baseline will be only 27.4 days
over ∼ 30, 000 deg2 on the sky; in these regions, TESS
will be unable to directly measure the period of any
planet with a period greater than 27.4 days, because it
will observe at most one transit of such a planet (Ricker
et al. 2014). As shown in Figure 12, this short baseline
precludes direct measurement of the periods of planets
in a large region of “habitable zone” parameter space.
However, if any of these long-period, singly-transiting
planets orbits the same star as a short-period stellar
anchor planet, we will be able to use the anchor’s transits
to precisely measure ρ∗ with the method developed in
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Figure 12. The approximate location of the habitable zone
about late-type stars (Kopparapu et al. 2013). Planets in
the dark gray shaded region will transit at most once during
TESS’ 27.4-day single-visit observational baseline. Earth is
plotted as a blue dot.
this work, then place better constraints on the period of
the single-transiter using the stellar density constraint.
In the simplest case of an outer single transiter on a
circular orbit, we expect the fractional uncertainty of
the period P to equal
σP
P
=
1
2
√(
σρ∗
ρ∗
)2
−
(
3
σ(a/R∗)
a/R∗
)2
(15)
by the propagation of uncertainty through equation 3.
18 Sandford & Kipping
Here, P and a/R∗ are parameters of the outer single
transiter, and ρ∗ is the density of the star that the outer
single transiter and the inner stellar anchor both orbit.
We assume that the fractional uncertainty in the stel-
lar density,
σρ∗
ρ∗
, will dominate over the fractional un-
certainty in the normalized semimajor axis,
σ(a/R∗)
a/R∗
, be-
cause a/R∗ can be measured directly from the shape of
the single observed transit of the outer planet, while ρ∗
requires detailed modeling of the inner stellar anchor’s
transits subject to a prior constraint on eccentricity, as
described in this work. Under this assumption, a 5%
fractional uncertainty in ρ∗ corresponds to a 2.5% frac-
tional uncertainty in the period P of the single transiter.
While considerably less precise than a direct period
measurement, this degree of fractional uncertainly could
establish whether a given planet orbits in the habitable
zone of its host star or not, and hence whether it merits
follow-up observations. Obtaining a similar constraint
on the period using radial velocity measurements of the
host star would be time-consuming, generally requiring
an observational baseline comparable to the orbital
period of the planet (see e.g. Ford 2005). Our method
therefore promises to aid greatly in the characterization
of long-period TESS planets.
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